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We present a measurement of the fraction of inclusive W +jets events produced with net charm
quantum number � 1, denoted W + c-jet, in p�p collisions at

p
s = 1:96 TeV using approximately 1 fb � 1

of data collected by the D0 detector at the Fermilab Tevatron Collider. We identify the W +jets
events via the leptonic W boson decays. Candidate W + c-jet events are selectedby requiring a jet
containing a muon in association with a reconstructed W bosonand exploiting the charge correlation
between this muon and W boson decay lepton to perform a nearly model-independent background



4

subtraction. We measure the fraction of W + c-jet events in the inclusive W +jets sample for jet
pT > 20 GeV and pseudorapidity j� j < 2:5 to be 0:074� 0:019(stat.) � 0:012

0:014 (syst.), in agreement with
theoretical predictions. The probabilit y that background 
uctuations could produce the observed
fraction of W + c-jet events is estimated to be 2:5 � 10� 4 , which corresponds to a 3:5 � statistical
signi�cance.

PACS numbers: 12.15.Ji, 12.38.Qk, 13.85.Ni, 13.85.Qk, 14.70.Fm, 14.65.Dw

In hadron-hadron collisions, the W=Z + b- or c-jet �nal
state can signal the presenceof new physics; however,
only a few measurements [1{3] of crosssectionsfor these
standard model processesexist. Charm quark produc-
tion in association with a W boson can be a signi�can t
background, for example, to top quark pair, single top
quark and Higgs boson productions, and to supersym-
metric top quark (stop) pair production when only the
~t ! c~� 0

1 decay channel is allowed by the massdi�erence
between the stop quark and the neutralino. Moreover,
as the squared Cabibbo-Kobayashi-Maskawa matrix el-
ement, jVcd j2, suppressesthe expected leading order d
quark-gluon fusion production mechanism, W + c-quark
production provides direct sensitivity to the proton's
s quark parton distribution function (PDF), s(x; Q2),
where x is the momentum fraction of the proton car-
ried by the s-quark and

p
Q2 is the hard scatter scale[4].

This PDF hasbeenmeasureddirectly only in �xed target
neutrino-nucleon deep inelastic scattering experiments
using relatively low momentum transfer squared,Q2, of
the order 1 � 100 GeV2 [5{11]. A probe of the s quark
PDF at the Tevatron tests the universality of s(x; Q2)
and its QCD evolution up to Q2 = 104 GeV2. The
strange quark PDF initiates both standard model (e.g.,
sg ! W � + c) and possiblenew physics processes(e.g.,
s�c ! H � ) [12] at both the Fermilab Tevatron and CERN
LHC colliders.

In this Letter, we present a measurement of the cross
section ratio � (p�p ! W + c-jet) =� (p�p ! W +jets) as a
function of jet transversemomentum pT , whereW + c-jet
denotesa W bosonplus jets �nal state in which the jets
have a net charm quantum number C = � 1, and W +jets
denotes any W boson �nal state with at least one jet.
Several experimental uncertainties (e.g., luminosity, jet
energyscale,and reconstruction e�ciency) and theoreti-
cal uncertainties (e.g., renormalization and factorization
scales)largely cancel in this ratio.

This measurement utilizes approximately 1 fb� 1 of p�p
collision data at a center-of-massenergy

p
s = 1:96 TeV

collected with the D0 detector at the Fermilab Tevatron
collider. We identify W bosonsthrough their leptonic
decays, W ! `� , where ` = e;� . W bosons decay-
ing to tau leptons are included for leptonic tau decays
� ! e�� e� � or � ! � �� � � � . The electron or muon from W
bosondecays are required to be isolated, and their trans-
verse momentum pT must satisfy pT > 20 GeV. The
presenceof a neutrino is inferred from the requirement
that the missing transverseenergyE/ T satis�es E/ T > 20

GeV. Jets are de�ned using the iterativ eseed-basedmid-
point cone algorithm [13] with cone radius of 0.5. We
restrict the transversemomentum of the jet to pT > 20
GeV after it is calibrated for the calorimeter jet energy
scale (JES), and its pseudorapidity to j� j < 2:5, where
� = � ln [tan (� =2)] and � is the polar angle with respect
to the proton beam direction. We correct the jet mea-
surement to the particle level [14] for comparison with
theory.

A muon reconstructedwithin a jet (a \jet-m uon") iden-
ti�es that jet (a \ � -tagged jet") as a charm quark can-
didate. Events containing a jet-muon enrich a sample
in b/ c semileptonic decays. Events with the jet-muon's
charge opposite to or equal to that of the W boson are
denoted as \OS" or \SS" events, respectively. In the
W + c-jet process,the charm quark decays into a muon
carrying an opposite-sign charge compared to that car-
ried by the W boson, and the numbers of OS and SS
events, NOS and NSS, respectively, satisfy NOS � NSS.
In the W + c-jet sample, NSS can be non-zero becausea
jet initiated by a c quark has a small probabilit y of con-
taining a muon from the decay of particles other than the
leading charm quark. Other vector boson+jets physics
processes(W + g, W + c�c, W + b�b, Z +jets) can produce � -
tagged jets, but the charge of the jet-muon is uncorre-
lated with that of the boson,henceNOS � NSS for these
sources. Processeswith light-quark (u, d or s) initi-
ated jets recoiling against the W boson can produce a
small fraction of charge-correlated � -tagged jets owing
to leading particle e�ects [15]. Background from W W
production contributes only a small amount to the signal
sample. The W Z and Z Z processesonly rarely pro-
duce charge-correlatedjets. Other �nal states that can
produce charge-correlatedjets (t �t, t�b, W + b�c and W + b)
are suppressedby small production crosssectionsor tiny
CKM matrix elements. These considerations allow a
measurement of the W + c-jet production rate from OS
events with the backgrounds determined in situ from SS
events, up to small weakly model-dependent theory cor-
rections.

The D0 detector [16] is a multi-purp ose device built
to investigate p�p collisions. The innermost silicon mi-
crostrip detectorsfollowedby the scintillating �b er track-
ing detector, covering pseudorapidity j� j . 3:0 and lo-
cated inside the 2 T superconducting solenoid, are used
for tracking and vertexing. The liquid-argon and ura-
nium calorimeter, a �nely segmented detector in the
transverseand the longitudinal directions, is usedas the
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primary tool to reconstruct electrons, jets, and the miss-
ing transverseenergy. It is housedin three cryostats, one
central calorimeter in the region j� j < 1:1 and two end
capsextending the coverageto j� j � 4:0. The outermost
subsystemof the D0 detector is the muon spectrometer,
consisting of three layers of muon tracking subdetectors
and scintillation trigger counters, which is used to con-
struct muons up to j� j � 2:0. The �rst layer is situated
before the 1.8 T iron toroid and the other two layers are
outside, enclosingthe detector.

Candidate events in the electron (muon) decay channel
of the W bosonmust passat least one of the single elec-
tron (muon) three-level (L1, L2 and L3) triggers usedin
each data taking period. Each level of trigger imposes
tighter restrictions on the events compared to those of
the preceding level. The single muon triggers at L1 im-
pose hit requirements in the muon scintillators. Some
of the triggers also require spatially matched hits in the
muon tracking detectors. The conditions at L2 require
a reconstructed muon with pT above a threshold in the
range 0 { 5 GeV for various triggers. At L3, certain
triggers require a track reconstructed in the inner track-
ing system with pT > 10 GeV. The ratio measurement
bene�ts from full cancellation of the trigger e�ciency in
the electron channel. This cancellation is partial in the
muon channel due to the presenceof two muons in the
W + c-jet sample.

Selection of W ! e� candidates begins with the re-
quirement that a cluster of energy be found that is con-
sistent with the presenceof an electron in the calorime-
ter. The cluster must: have at least 90% of its energy
contained in the electromagnetic part of the calorime-
ter; have a reconstructed track from the inner tracking
system pointing to it; be isolated from other clusters in
that the fraction of the energy deposited in an annulus
(0:2 < � R =

p
(� � )2 + (� � )2 < 0:4, where � is the az-

imuthal angle) around the EM cluster is less than 15%
of the electromagnetic energy within the cone of radius
� R = 0:2; have longitudinal and transverseenergydepo-
sition pro�les consistent with those expected for an elec-
tron; and satisfy a likelihood discriminant selection that
combines tracker and calorimeter information using the
expected distributions for electronsand jet background.
The electron track's point of closestapproach to the z-
axis must be within 3 cm of the p�p interaction point,
which must lie within 60 cm of the nominal detector cen-
ter.

Selection of W ! �� candidates begins by requiring
that a muon candidate be found in the muon spectrom-
eter with a track matched to one found in the central
tracker. Rejection of cosmic ray background events de-
mands that the central tracker track pass within 0:02
or 0:2 cm of the beam crossing point in the transverse
plane, depending on whether the track is reconstructed
with or without hits, respectively, in the silicon detec-
tor, and that the point of closestapproach of the track

should be within 3 cm of the interaction point along
the z-axis. Further cosmic ray rejection comes from
scintillator timing information in the muon spectrome-
ter. Requiring the W bosoncandidate muon track to be
separatedfrom the axis formed by any jet found in the
event by � R(�; jet) > 0:5 suppressesbackgrounds from
semileptonic decays of heavy 
a vor quarks in multi-jet
events.

For the �nal selection in both channels, each event
must satisfy the transversemassrequirement 40 � M T �

120 GeV, where M T =
q

2E/ T p`
T

�
1 � cos� � (E/ T ; p`

T )
�

is computed from the isolated lepton p`
T and the E/ T ,

have an azimuthal angular separation between the iso-
lated lepton and E/ T directions greater than 0.4. Events
must contain at least one jet with pT > 20 GeV after
the calorimeter JES correction is applied, and j� j < 2:5.
Upon application of all selection criteria, N e

W j = 82747
and N �

W j = 57944W +jets candidatesremain in the elec-
tron and muon channels, respectively.

Backgrounds originate from photons and jets that are
misidenti�ed as electrons and from c�c and b�b multi-jet
events that produce an isolated muon. These multi-
jet backgrounds are determined directly from the data
using a \matrix method" consisting of the following
steps: �rst, \lo ose" W (! `� )+jets datasetsare selected
through application of all previously described selection
criteria in each channel with the exception that the lep-
ton isolation requirements are relaxed. This producesa
set of loosecandidate events, N `

L , in each lepton chan-
nel consisting of a mixture of real W +jets events, N `

W ,
and multi-jet background events, N `

MJ , with N `
L = N `

W +
N `

MJ . Application of the stricter lepton isolation cri-
teria used to extract the signal changesthis mixture to
N `

T = � `
W N `

W + � `
MJ N `

MJ , where N `
T signi�es the number

of events in each channel satisfying the tighter isolation
criteria and � `

W and � `
MJ denote the relative probabili-

ties for loosely selectedW boson and multi-jet events,
respectively, to satisfy the stricter isolation criteria. A
large sample of two-jet events is used to measure � e

MJ ,
and � �

MJ is estimated from a similar two-jet dataset us-
ing a sample of back-to-back muon-plus-jet events with
low E/ T . The factors � `

W are obtained from a large data
sample of Z ! `+ ` � events. Solving the equations for
N `

W and N `
MJ yields estimates for the fractional contri-

butions of multi-jet background to the inclusive W +jets
signal of f e

MJ = (3:2 � 0:8)% in the electron channel and
f �

MJ = (4:1 � 3:0)% in the muon channel.
The channel Z (! `+ ` � )+jets contributes as back-

ground when one of the leptons from the Z bosondecay
fails to be reconstructed. An estimateof this background
follows from MC simulations of Z +jets production pro-
duced with alpgen v2.05 [17] using the cteq6l [18]
PDF set, the pythia v6.323 [19] generator for the par-
ton fragmentation and hadronization, the mlm prescrip-
tion [20] to avoid an over-counting of �nal state jets, and



6

evtgen [21] to decay the heavy hadrons. A geant [22]
basedprogram simulates the e�ects of detector response,
and the samereconstruction software is employedasused
for data. This procedure results in estimates for the
fractional contaminations of f e

Z = (0:9 � 0:1)% for Z (!
e+ e� )+jets and f �

Z = (5:0� 0:7)% for Z (! � + � � )+jets.
Quoted uncertainties derive mainly from systematic ef-
fects in the Z +jets alpgen crosssection model that are
estimated by varying the relative crosssectionof W +jets
with respect to Z +jets by its uncertainties.

Extraction of samplesof W + c-jet event candidates
from the W +jets samplesfollows from selecting events
with a � -tagged jet. This jet must contain a recon-
structed muon with pT > 4 GeV and j� j < 2:0 that lies
within a cone of � R(�; jet) < 0:5 with respect to the
jet axis, and have JES corrected pT > 20 GeV before in-
cluding the muon and neutrino energies. The muon must
be detected in both of the outer two layers of the muon
spectrometer, and its muon spectrometer track must be
matched to a reconstructed track in the central tracker.
Background suppressionof Z (! � + � � )+jets events en-
tails rejecting events in which the dimuon invariant mass
exceeds70 GeV in the muon channel without restricting
the charges of the muons. Application of all selection
criteria yields N e

OS and N e
SS events in the electron chan-

nel, and N �
OS and N �

SS events in the muon channel as
reported in Table I. Estimated multi-jet backgrounds
in the � -tagged jet data samples determined following
the matrix method are N e;MJ

OS and N e;MJ
SS events in the

electron channel, and N �; MJ
OS and N �; MJ

SS events in the
muon channel as listed in Table I. Estimates of the
W W , t�t and singletop backgroundsfrom MC aredenoted
N e;W W

OS , N e;W W
SS , N e;t �t

OS , N e;t �t
SS , N e;t �b

OS and N e;t �b
SS events, re-

spectively, in the electron channel, and N �;W W
OS , N �;W W

SS ,

N �;t �t
OS , N �;t �t

SS , N �;t �b
OS and N �;t �b

SS events, respectively, in the
muon channel as given in Table I. The estimate of the
single top background follows from the t�b and t�bq events
produced with the comphep [23] generator followed by
full detector simulation. The quoted uncertainties on
the W W , t�t and single top background predictions given
in Table I are dominated by the uncertainties in their

crosssection measurements [24{26]. Lepton chargesare
well measuredat D0, and uncertainties from chargemis-
identi�cation are very small.

The acceptancetimes e�ciencies, � `
c (` = e;� ), of the

W + c-jet selectionsrelative to inclusive W +jets in each
W boson decay channel is estimated from the MC sim-
ulation, and includes MC to data correction factors esti-
mated using independent data calibration samples. The
absolute e�ciency of reconstructing a W boson with at
least one jet cancels in the ratio. The relative accep-
tance includes e�ects of charm quark to hadron frag-
mentation, charmed hadron semi-muonic decay and the
residual missing calorimeter energy from the muon and
neutrino in the � -tagged jet. The relative e�ciency ac-
counts for muon identi�cation and track reconstruction
e�ects. Charm quark fragmentation and charm hadron
decay uncertainties are constrained by previous exper-
iments [27, 28] and contribute 4:5% and 9:5%, respec-
tiv ely, to the acceptanceuncertainties in both channels.
The correction included in the acceptancefor the missing
contribution to the jet pT from the muon and neutrino
energiesadjusts the jet pT spectrum of W + c-jet candi-
date events appropriately to the particle level, asveri�ed
by a MC closure test. A large sampleof J= ! � + � �

events collected at D0 is employed to correct the jet-
muon reconstruction e�ciency , (58:7 � 2:8)%, computed
from the MC simulation, by a factor of 0:89 � 0:06.
This correction is found to be independent of the jet pT .
The �nal acceptancetimes e�ciencies are found to be
� e

c = (1:24� 0:22)% and � �
c = (1:22 � 0:23)%.

The presenceof two muons in the muon channel in-
creasesthe trigger selectione�ciency of the W + c-jet can-
didates compared to the inclusive W +jets data sample.
The divisor factor K �

T = 1:18� 0:12, extracted from the
probabilit y of events being selectedwhen only the jet-
muon �res the trigger, corrects for the bias in W + c-jet
selection in the muon channel. In the electron channel
the factor K e

T is unit y as the trigger e�ciency cancelsin
the ratio.

The W + c-jet crosssection ratio is extracted using

� [W (! `� ) + c-jet]
� [W (! `� ) + jets]

=
1

� `
c K `

T

h
N `

OS � f `
c

�
N `

SS � N `; MJ
SS � N `;W W

SS � N `;t �t
SS � N `;t �b

SS

�
� N `; MJ

OS � N `;W W
OS � N `;t �t

OS � N `;t �b
OS

i

(1 � f `
Z � f `

MJ )N `
W j

;

which requiresonefurther correction in each channel, f `
c ,

for the small correlation between the jet-muon and W
boson charges that arises in W +ligh t-quark jet events.
The factor f `

c is determined from fully simulated W +jet
events as the ratio of the predicted number of OS � -

tagged jets to SS � -tagged jets in all background sam-
ples that pass the sameselection criteria as de�ned for
the data sample. Processesconsideredinclude W + u,d,s,
W + g, W + c�c, W + b�b, and W + c-jet, where the c quark
doesnot decay semi-muonically in the last case. The f `

c
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TABLE I: Summary of quantities to estimate the W + c-jet cross section ratio. The �rst uncertainties quoted are statistical
and the secondsystematic.

jet pT [GeV] (20{30) (30{45) (45{200) (20{200)
W ! e� decay channel

N e
W j 35695 24412 22640 82747

N e
OS 83 77 85 245

N e
SS 45 41 68 154

N e;MJ
OS 4.5� 1.0� 1.2 4.2� 0.9� 1.1 4.6� 1.0� 1.2 13.3� 2.6� 3.4

N e;MJ
SS 5.6� 1.1� 1.4 5.1� 1.0� 1.3 8.5� 1.5� 2.2 19.3� 2.9� 4.9

N e;W W
OS 1.8� 0.6 2.1� 0.7 2.3� 0.8 6.2� 2.1

N e;W W
SS 0.4� 0.1 0.6� 0.2 0.9� 0.3 1.9� 0.5
N e;t �t

OS 2.4� 0.6 4.6� 1.1 11.8� 2.8 18.8� 4.5
N e;t �t

SS 2.1� 0.5 4.1� 1.0 10.0� 2.4 16.1� 3.9
N e;t �b

OS 1.1� 0.3 2.1� 0.6 3.1� 0.9 6.3� 1.8
N e;t �b

SS 0.8� 0.2 1.4� 0.4 2.5� 0.7 4.6� 1.3
f e

c 1.183� 0.017� 0.018 1.164� 0.019� 0.017 1.118� 0.024� 0.017 1.149� 0.007� 0.017
� e

c 0.0113� 0.0015+0 :0017
� 0:0017 0.0125� 0.0011+0 :0019

� 0:0019 0.0125� 0.0020+0 :0019
� 0:0019 0.0124� 0.0012+0 :0019

� 0:0019
� [W ( ! e� )+ c-jet ]
� [W ( ! e� )+jets] 0.079� 0.031+0 :013

� 0:022 0.100� 0.038+0 :017
� 0:016 0.043� 0.049+0 :007

� 0:007 0.073� 0.023+0 :012
� 0:014

W ! �� decay channel
N �

W j 27378 17325 13241 57944
N �

OS 76 64 63 203
N �

SS 28 38 56 122
N �; MJ

OS 4.6� 1.8� 3.3 3.8� 1.5� 2.7 3.8� 1.5� 2.7 12.2� 4.6� 8.7
N �; MJ

SS 2.0� 1.3� 1.4 2.8� 1.7� 2.0 4.1� 2.5� 2.9 8.8� 5.4� 6.3
N �;W W

OS 0.8� 0.3 1.6� 0.5 1.8� 0.6 4.2� 1.6
N �;W W

SS 0.3� 0.1 0.3� 0.1 0.6� 0.2 1.2� 0.4
N �;t �t

OS 1.2� 0.3 2.3� 0.6 5.8� 1.4 9.3� 2.2
N �;t �t

SS 1.0� 0.2 2.0� 0.5 5.1� 1.2 8.1� 1.9
N �;t �b

OS 0.7� 0.2 1.4� 0.4 2.1� 0.6 4.2� 1.2
N �;t �b

SS 0.5� 0.1 0.8� 0.1 1.8� 0.5 3.1� 0.9
f �

c 1.195� 0.025� 0.014 1.174� 0.027� 0.013 1.121� 0.035� 0.013 1.148� 0.007� 0.013
� �

c 0.0110� 0.0011+0 :0016
� 0:0017 0.0122� 0.0013+0 :0018

� 0:0019 0.0148� 0.0018+0 :0022
� 0:0023 0.0122� 0.0012+0 :0018

� 0:0019
K �

T 1.18� 0.02� 0.12 1.18� 0.02� 0.12 1.18� 0.02� 0.12 1.18� 0.02� 0.12
� [W ( ! �� )+ c-jet ]
� [W ( ! �� )+jets] 0.123� 0.037+0 :024

� 0:033 0.076� 0.050+0 :016
� 0:013 0.000� 0.058+0 :014

� 0:008 0.075� 0.031+0 :015
� 0:017

Combined W ! e� and W ! �� decay channels
� [W ( ! `� )+ c-jet ]
� [W ( ! `� )+jets] 0.097� 0.024+0 :016

� 0:026 0.091� 0.031+0 :016
� 0:015 0.025� 0.038+0 :005

� 0:004 0.074� 0.019+0 :012
� 0:014

are parameterizedin terms of jet pT as f `
c = a` + b̀ � pT ,

with ae = 1:223 � 0:016, a� = 1:241 � 0:023, be =
� 0:0017� 0:0003,and b� = � 0:0019� 0:0004,where all
quoted uncertainties of the parametersare statistical; f `

c
decreaseswith increasingjet pT becausethe sub-process
q�q ! W g dominates qg ! W q0 at high jet pT . Sys-
tematic uncertainties in f `

c arise mainly from the cross
sectionand jet fragmentation models. The f `

c are nearly
independent of the absolute charged multiplicit y per jet
and the W +ligh t-jets crosssection. This has beenver-
i�ed by comparing the ratio of all OS tracks to all SS
tracks found in jets in the inclusive W +jets data sam-
ple. The f `

c depend instead on the K � =� � ratio per
jet and the relative crosssection for W bosonplus heavy
quark jet �nal states compared to W +ligh t-jets. A 6%
uncertainty is assignedto the weighted � � multiplicit y
basedon a comparisonof the di�erence betweentracking
e�ciency in data and simulation, and a 20% uncertainty

on the K � =� � ratio is estimated based on comparing
K 0

S production in data to MC. Uncertainties in alpgen
crosssectionsare estimated to be 50%for W + b�b, W + c�c;
and W + c-jet, relative to W +ligh t-jets [29]. A change
of the W + c-jet crosssection by � 100%doesnot lead to
a signi�can t e�ect in f `

c . The uncertainty due to PDFs
on f `

c is estimated to be +0 :97
� 0:64%. Overall systematic un-

certainties are found to be 1:5% for f e
c and 1:1% for f �

c ,
with the relative cross section contributions dominant.
Adding a 0:6% uncertainty in each channel due to MC
statistics yields f e

c = 1:149� 0:018and f �
c = 1:148� 0:015

averagedover all pT > 20 GeV.
Table I summarizes the cross section ratio measure-

ments and their uncertainties for the electron and the
muon channelsfor all jet pT > 20 GeV and jet j� j < 2:5,
and for three jet pT bins with j� j < 2:5 in each bin. The
ratio measurements bene�t from cancellation of several
uncertainties, notably the integrated luminosity [30], lep-
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FIG. 1: Measured ratio [� (W + c-jet) =� (W +jets)] for jet pT >
20 GeV and j� j < 2:5. The inner error bars around the data
points show the statistical only uncertainties and the full bars
represent the quadratic sum of statistical and systematic un-
certainties. The systematic uncertainty on W + c-jet fraction
includes the uncertainties due to JES, the jet pT resolution,
the background correction factor f `

c , and the product of the
relativ e acceptance and e�ciencies � `

c . It also includes the
uncertainty due to K �

T in the muon channel.

ton detection e�ciency , and jet energy scale(JES). Ta-
ble I I lists remaining absolute systematic uncertainties
on the measurement estimated from the MC simulation.
Thesearise mainly from secondorder JES e�ects, jet pT

resolution (JPR), c-jet tagging e�ciency , and the W + c-
jet background correction factors f `

c .
The measuredW + c-jet fractions integrated over pT >

20 GeV and j� j < 2:5 are

� [W (! e� ) + c-jet]
� [W (! e� ) + jets]

= 0:073� 0:023(stat.)+0 :012
� 0:014(syst.);

� [W (! �� ) + c-jet]
� [W (! �� ) + jets]

= 0:075� 0:031(stat.)+0 :015
� 0:017(syst.):

Since the W ! e� and W ! �� measurements are
consistent with one another, and statistical uncertain-
ties dominate, the two lepton channels are combined to
yield

� [W + c-jet]
� [W + jets]

= 0:074� 0:019(stat.)+0 :012
� 0:014(syst.):

Systematic uncertainties are taken to be fully correlated
in the two channels. This measurement canbe compared
to W + c-jet fraction predicted by alpgen and pythia of
0.044� 0.003, where the quoted theoretical uncertainty
derivesfrom the uncertainty on the cteq6.5 PDFs. Due

TABLE I I: Fractional systematic uncertainties on the mea-
surement in the W ! e� and the W ! �� channels.

e channel � channel

pT JES JPR f e
c � e

c JES JPR f �
c � �

c K �
T

GeV % % % % % % % % %

20{30 +0
� 21:6

+2 :4
� 4:8

+3 :8
� 4:1

+15 :7
� 15:6

+0
� 17:6

+5 :0
� 7:5

+2 :5
� 3:3

+15 :3
� 16:2 � 10

30{45 +6 :4
� 4:3

+2 :1
� 4:3

+4 :3
� 4:7

+14 :5
� 14:4

+9 :8
� 0:7

+4 :5
� 6:7

+3 :1
� 4:3

+14 :1
� 14:9 � 10

45{200 +2 :2
� 2:2

+2 :2
� 4:5

+6 :9
� 7:6

+14 :7
� 14:6

+27 :7
� 0

+4 :7
� 7:0

+4 :0
� 5:2

+15 :0
� 15:8 � 10

20{200 +0
� 9:0

+2 :3
� 4:5

+4 :5
� 5:2

+15 :1
� 15:0

+5 :9
� 2:4

+4 :7
� 7:1

+3 :1
� 4:3

+14 :9
� 15:7 � 10

to the relatively small contributions of W + b�b and W + c�c
to inclusiveW +jets, the model prediction of the W + c-jet
rate has . 5% sensitivity to their cross sections. Fig-
ure 1 shows the di�eren tial W + c-jet fraction, and com-
paresthe data to a model prediction using leading order
QCD augmented by alpgen and pythia .

As a test of the W + c-jet signal hypothesis, Fig. 2(a)
comparesdata to alpgen and pythia expectations in
the background-subtracted distribution of the signed
impact parameter signi�cance, a=� a , for the jet-muon,
where a is the projected distance of closestapproach of
the jet-muon to the event interaction point in the trans-
verse plane, and � a is the estimated uncertainty on a.
Data show satisfactory agreement with expectations for
W + c-jet production and the underlying OS-SSansatzaf-
ter the subtraction of light and b quark jet contributions.
Similarly, the distribution of the relative transversemo-
mentum of the jet-muon with respect to the jet axis, prel

T ,
shows the consistencybetweendata and the c-jet expec-
tation as illustrated in Fig. 2(b).

To quantify the probabilit y that the observed excess
of OS events over SS events is due exclusively to back-
ground 
uctuations, ensembles for OS, SS backgrounds
and inclusive W +jets are generatedthat incorporate all
the systematic uncertainties together with the correla-
tions amongthe OS, SSbackgroundsand W +jets expec-
tations using Gaussian samplings of the uncertainties.
The probabilit y that background 
uctuations could pro-
duce the observed fraction of the signal events in the
inclusive W +jets sample is 2:5 � 10� 4, corresponding to
a 3:5 � signi�cance for the W + c-jet hypothesis.

In conclusion, we have performed a measurement of
the W + c-jet/ W +jets crosssection ratio at a hadron col-
lider using both electron and muon decay channelsof the
W bosonand utilizing the correlation betweenthe charge
of the jet-muon with that of the W boson. The prob-
abilit y that background 
uctuations could produce an
estimated W + c-jet fraction in W +jets equal to or larger
than the one measuredin data is 2:5 � 10� 4, which cor-
responds to a 3:5 � signi�cance of the observation. We
�nd our measurement to be consistent with LO pertur-
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FIG. 2: Comparison of the background-subtracted (N `
OS � f `

c N `
SS) data in the combined electron and muon channels with

the simulation. (a) Signed signi�cance in impact parameter of the jet-muon track with respect to the interaction point, (b)
jet-muon transversemomentum relativ e to the jet axis (prel

T ).

bative QCD predictions of the W + c-jet production rate
and with an s quark PDF evolved from Q2 scalestwo
orders of magnitude below those of this measurement.
The measurement further provides direct experimental
evidenceof the underlying partonic processqg ! W q0

that should dominate W bosonproduction at the CERN
Large Hadron Collider (LHC).
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